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Objective: To test the hypothesis that changes in subchondral bone are signiﬁcantly different among three
canine models of osteoarthritis (OA).
Design: In 21 purpose-bred mongrel dogs, OA was induced in one knee joint via either anterior cruciate
ligament transection (ACLt; n ¼ 5), medial femoral condylar groove creation (GR; n ¼ 6), or medial
meniscal release (MR; n ¼ 5). Five dogs that had sham surgery (SH; n ¼ 5) in one knee joint served as
controls. Lameness scoring was performed every 4 weeks. Twelve weeks after surgery, the knee joints
were examined by histology and histomorphometry.
Results: Articular cartilage pathology as determined by Mankin scores was signiﬁcantly severe in all three
OA models compared to SH controls in the medial tibia (P < 0.001 to P ¼ 0.026). ACLt had signiﬁcantly
thinner subchondral plate thickness (Sp.Th) in both the medial and lateral tibias while MR had signiﬁ-
cantly thicker Sp.Th in the medial tibia compared to SH controls (P < 0.001 to P ¼ 0.011). Trabecular bone
volume (BV/TV) and trabecular bone thickness (Tb.Th) for ACLt were signiﬁcantly less than SH controls in
the tibias (P < 0.001 to P ¼ 0.011). Tibial Sp.Th, BV/TV, and Tb.Th were all moderately to strongly
correlated with lameness scores obtained throughout the study period (r ¼ 0.436 to r ¼ 0.738,
P < 0.001 to P ¼ 0.047) while Mankin scores showed moderate to strong correlations with Sp.Th in each
OA model (r ¼ 0.465 to r ¼ 0.816, P < 0.001 to P ¼ 0.033).
Conclusions: Changes in Sp.Th are associated with articular cartilage damage while tibial Sp.Th and BV/TV
and Tb.Th appear to be all inﬂuenced by joint loading alterations.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
One of the major hurdles in making clinical progress toward
solving osteoarthritis (OA) is a complete understanding of disease
mechanisms that lead to initiation and progression of the disease.
While articular cartilage degradation is considered the hallmark of
OA, the “joint is an organ” concept is quickly being recognized
a fundamental to basic science and clinical assessments of OA1e3.
Among various non-articular cartilage components in the joint,
subchondral bone changes have been implicated as a key pathology
in OA initiation and progression4e7. It has been suggested that
subchondral sclerosis contributes to accelerate OA via increasing
mechanical stress on overlying articular cartilage5. Subchondral
sclerosis, histologically characterized by increased subchondral
plate thickness (Sp.Th), has been demonstrated in late-stage knee
OA in human patients8,9 and in animal models10e12. However, theKeiichi Kuroki, Comparative
Campus Drive, Columbia, MO
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s Research Society International. Pnature of the subchondral changes in OA is not fully understood,
particularly in early stages of the disease. In addition, whether
subchondral changes are a cause or a result of cartilage degradation
is still a subject for debate.
Animal models hold many of the keys to improve our under-
standing of the development of subchondral lesions in OA since
most clinical studies have dealt with advanced disease as diagnosis
of early OA is a challenge in human patients. However, information
regarding subchondral bone pathology in early OA in the literature
is inconsistent among animal models and even among studies
using the same model. Some investigators observed that articular
cartilage lesions preceded subchondral lesions13,14 while others
reported contradictory ﬁndings15,16. Thickening of the subchondral
plate was reported in canine anterior cruciate ligament transection
(ACLt) model17, rabbit menisectomy model18, rabbit trauma-
induced model19, and spontaneous OA models of mouse20 and
guinea pig21, while thinning of the subchondral plate was observed
in canine ACLt model16,22, canine ACLt-menisectomy model14,
canine groove model16,22, feline ACLt model23, rat ACLt model24,
and collagenase-inducedmurinemodel15. Recent studies using two
canine OA models: ACLt and groove creation in femoral condyles,
by Sniekers et al.16 and Intema et al.22 demonstrated thinning of theublished by Elsevier Ltd. All rights reserved.
Fig. 1. The medial and lateral tibias and the medial and lateral femoral condyles were
each divided into four 3 mm-thick osteochondral slabs and the central two slabs (*)
obtained from each of four major weight-bearing compartments were histologically
and histomorphometrically examined. M: medial. L: lateral.
Fig. 2. Image analyses: a representative H&E stained osteochondral tissue section (left)
and its bone thresholding image (right). The subchondral plate (A: lighter gray) and
trabecular bone in the template placed in the epiphysis subjacent to the subchondral
plate (B: gray rectangle area) were subjected to histomorphometric analyses.
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bone only in the ACLt model in early OA, leading the authors to
conclude that subchondral plate thinning is a common early
response in OA independent of loading changes or cause of OA
whereas trabecular thinning seen in the ACLtmodel is likely a result
of decreased joint loading16,22. However, based on the available
evidence, there is no consensus on subchondral bone changes in
early OA. In addition, it is likely that no one animal model can
address all aspects of OA for translational study, and hence, careful
characterization of multiple models is necessary to delineate
disease mechanisms in OA secondary to various causes. To further
elucidate subchondral pathology associated with early OA, we
investigated histomorphometeric parameters of subchondral bone
in three different canine OA models: ACLt25, cartilage groove
creation (GR)26e28, and medial meniscal release (MR)29. The ACLt
insult produces immediate and marked instability of the joint, the
GR insult provides a model for acute articular cartilage injury/loss
of the medial femoral condyle, and the MR insult to the joint
models medial meniscal deﬁciency30,31. Our hypothesis was that
changes in subchondral bone histomorphometry would be signif-
icantly different among these three canine models.
Methods
Animals and procedures
All procedures were approved by the institutional animal care
and use committee. Statistical power analysis was performed based
on data from our previous canine OA model study32 using
biochemical assessment as the primary outcome measure. Analysis
of variance (ANOVA) sample size analysis with minimum detect-
able difference in means at 73, expected standard deviation of
residuals at 30, and four groups indicated that a minimum of ﬁve
dogs per group was sufﬁcient for obtaining a study power of 0.8
with signiﬁcance set at P < 0.05.
Twenty-one purpose-bred female hound-mix dogs (mean body
weight 23.3 kg; age range 2e4 years)wereused for surgical induction
ofOA.Dogswerekept in individual kennels and allowed15minof on-
leash exercise 5 days per week throughout the study period. All dogs
were premedicated, anesthetized, and prepared for aseptic surgery
and randomly assigned to one of four arthroscopic procedures on the
right stiﬂe (knee) joint: ACLt (n ¼ 5), creation of two 6e8 mm-long
full-thickness grooves in the medial femoral condylar cartilage using
a 3mmdiameter ring curette (GR) (n¼ 6),medialmeniscal release by
radial transection at the posterior horn junction with the menisco-
tibial ligament (MR) (n ¼ 5) or sham operation with probe manipu-
lation of all joint landmarks including cruciate ligaments, femoral
condyles and medial meniscus without insult (SH) (n ¼ 5).
Lameness measure
A veterinary surgeon blinded to treatment evaluated limb
function in the dogs preoperatively, and at 4, 8, and 12 weeks after
surgery with a clinical lameness score (0e5, with 0 being no
observable lameness and 5 being nonweight-bearing) based on
visual examination of gait at a walk and trot29,33,34.
Cartilage and subchondral bone histologic analyses
The proximal tibia and the distal femur of the operated knees
from each dog were ﬁxed in 10% neutral buffered formalin and then
placed in a decalciﬁer (Immunocal, Decal Chemical Corp., Tallman,
NY). After decalciﬁcation was complete, the surface area at risk for
OA lesion development of the tibia (medial and lateral tibial
plateaus) and of the medial and lateral femoral condyles was eachdivided into four 3 mm-thick osteochondral slabs (anterior to
posterior for the tibia and abaxial to axial for the femoral condyle)
(Fig. 1). After routine histologic processing, each osteochondral slab
was embedded in parafﬁn (anterior surface down for the tibial slabs
and abaxial surface down for the femoral condyle slabs) and 8-mm
sections were stained with hematoxylin and eosin (H&E) and
toluidine blue. The tissue sections obtained from the two central
osteochondral slabs of each of four weight-bearing compartments
were used for histologic and histomorphometric examinations.
Histologic changes in the articular cartilage were evaluated using
Mankin’s histological and histochemical grading system (0e14
scales)35 by a veterinary pathologist whowas unaware of the origin
of each section. The results of Mankin score in each weight-bearing
compartment of each individual were averaged.
Histomorphometric parameters of each tissue section were
quantiﬁed using a computer software (Image-Pro Plus, ver. 7, Media
Cybernetics, Inc. Bethesda, MD) analysis program. Images of sub-
chondral bone of each section were recorded using a microscope
(Olympus BX40, Center Valley, PA) with a 2 objective lens and
a digital camera (Olympus DP71). The Sp.Th was the mean distance
between the cement line and a line connecting the most proximal
parts of the marrow cavity. Because subchondral sclerosis has been
observed within 1.5 mm of the subchondral plate in a canine
OA model study11, the upper side of the rectangle template
Fig. 3. Mean (95% conﬁdence interval) lameness scores. ACLt dogs (n ¼ 5) had
signiﬁcantly higher lameness scores than SH control dogs (n ¼ 5) throughout the study
period (*P < 0.001 to P ¼ 0.003). Lameness scores of GR dogs (n ¼ 6) and MR dogs
(n ¼ 5) were not different from SH.
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subchondral plate, and area of bone (B.Ar) and perimeter of bone
(B.Pm)within this areaweremeasured directly by the image analysis
software (Fig. 2). Trabecular bone volume (BV/TV) fraction over total
tissue volume and trabecular bone thickness (Tb.Th) were calculated
with the obtained B.Ar and B.Pm based on the recommendations of
the American Society of Bone and Mineral Research Nomenclature
Committee36. The results of subchondral bone histomorphometry in
eachweight-bearing compartment of each individualwere averaged.
The peripatellar synovium from the operated knees was ﬁxed in
10% neutral buffered formalin. After routine histologic processing,
5-mm thick H&E stained sections were scored based on the severity
of inﬂammatory cell inﬁltrates (0; no inﬁltrates, 1; mild inﬂam-
mation, 2; moderate inﬂammation, and 3; severe inﬂammation)
and the degree of hyperplasia (0; none, 1; mild hyperplasia, 2;
moderate hyperplasia, and 3; severe hyperplasia) by a veterinary
pathologist who was unaware of the origin of each section.
Statistical analysis
Data from each procedure group were combined and mean and
95% upper and lower conﬁdence limits were determined. A one-wayFig. 4. Representative photomicrographs of articular cartilage of the medial tibia (MT), latera
ACLt knees had one or combination of the following changes in all four areas examined: surf
staining. GR knees had cartilage loss in the medial femoral condyle and reduction of toluidin
cartilage pathology in the medial compartment. In SH knees, the surface of the superﬁcial ca
blue. In synovium there was marked hyperplasia with frequent lymphoid proliferation in AC
with rare papillary projections. There was moderate synovial hyperplasia with inﬁltrates of
a single layer of ﬂat synoviocytes with no overt inﬂammatory changes. H&E stain.ANOVA was performed to determine differences among procedure
groups with respect to lameness score, Mankin score, subchondral
histomorphometricparameters, andsynovitis score.When signiﬁcant
differences among groups were obtained, SidakeHolm procedure
was selected as post-hoc analysis to determine which groups were
different vs SH controls while minimizing possible type I errors. Case
correlation coefﬁcients among the variables were determined using
Spearman rank-order correlation. Signiﬁcance was set at P < 0.05.
Results
Lameness analysis
All dogs were orthopedically sound and none of the dogs was
lame before surgery. Marked lameness with gait changes was
observed in ACLt dogs throughout the study period. Lameness
scores in ACLt dogs were signiﬁcantly higher than SH controls
(P < 0.001 to P ¼ 0.003) throughout the study period (Fig. 3).
Articular cartilage evaluations
Histologic and histochemical examination revealed predomi-
nantly medial compartment cartilage pathology in MR and GR
knees while global cartilage pathology was noted in ACLt knees
(Fig. 4). However, cartilage pathology in GR knees was often very
mild except grooves in the medial femoral condyle. Histological
analyses with the Mankin score system indicated that these three
OA models had signiﬁcantly more severe cartilage pathology in the
medial tibia compared to SH controls (P < 0.001 to P ¼ 0.026). In
addition ACLt knees had signiﬁcantly more severe cartilage
pathology in the lateral compartment (P < 0.001) while MR knees
had signiﬁcantly more severe cartilage pathology in the lateral
femoral condyle (P ¼ 0.003) compared to SH controls (Table I).
Subchondral bone histomorphometry
ACLt knees had the thinnest subchondral plate and trabecular
bone and the lowest BV/TV among groups in all four areas exam-
ined (Fig. 5). Sp.Th of ACLt knees was signiﬁcantly less than SH
controls in the medial and lateral tibias (P ¼ 0.003 and P ¼ 0.011,
respectively) while Sp.Th of MR knees was signiﬁcantly thicker
than SH controls in the medial tibia (P< 0.001) (Table I). BV/TV andl tibia (LT), medial femoral condyle (MF) and lateral femoral condyle (LF) and synovium.
ace irregularity, ﬁbrillation, clefts, chondrocyte cloning, and reduction of toluidine blue
e blue staining with surface ﬁbrillation in the medial tibia while MR knees had marked
rtilaginous layer was smooth, and the cartilage matrix was well stained with toluidine
Lt knees. In GR knees, the synovium was lined by a single layer of plump synoviocytes
small numbers of lymphocytes in MR knees. In SH knees, the synovium was lined by
Table I
Mean (95% conﬁdence interval) Mankin scores, Sp.Th, BV/TV, and Tb.Th
Medial tibia Lateral tibia Medial femur Lateral femur
Mankin score
ACLx (n ¼ 5) 4.5 (3.3, 5.6)* 4.4 (2.5, 6.2)* 4.1 (3.1, 5.0) 3.0 (2.5, 3.4)*
GR (n ¼ 6) 1.8 (1.5, 2.1)* 0.9 (0.4, 1.3) 3.5 (1.4, 5.7) 1.1 (0.9, 1.3)
MR (n ¼ 5) 7.7 (7.0, 8.3)* 2.5 (1.4, 3.5) 3.1 (1.0, 5.1) 1.8 (1.3, 2.2)
SH (n ¼ 5) 0.6 (0.1, 1.0) 1.1 (0.1, 1.9) 0.9 (0.5, 1.2) 0.8 (0.4, 1.1)
Sp.Th (mm)
ACLx (n ¼ 5) 308 (197, 419)* 238 (168, 307)* 216 (175, 256) 210 (166, 253)
GR (n ¼ 6) 573 (509, 637) 483 (404, 561) 329 (219, 438) 309 (238, 381)
MR (n ¼ 5) 732 (684, 780)* 391 (330, 451) 390 (233, 547) 246 (217, 276)
SH (n ¼ 5) 500 (426, 575) 384 (324, 443) 261 (209, 313) 229 (185, 273)
BV/TV (%)
ACLx (n ¼ 5) 33 (29, 36)* 34 (32, 36)* 41 (32, 50) 40 (35, 45)
GR (n ¼ 6) 45 (42, 47) 49 (44, 53) 49 (45, 54) 49 (45, 53)
MR (n ¼ 5) 51 (43, 59) 44 (38, 50) 52 (44, 59) 45 (43, 48)
SH (n ¼ 5) 46 (40, 52) 46 (43, 48) 46 (42, 49) 46 (41, 52)
Tb.Th (mm)
ACLx (n ¼ 5) 87 (76, 97)* 85 (78, 93)* 97 (82, 111) 98 (85, 110)*
GR (n ¼ 6) 140 (130, 150) 156 (136, 176) 141 (124, 159) 143 (127, 159)
MR (n ¼ 5) 166 (127, 204) 133 (115, 150) 140 (122, 159) 129 (120, 139)
SH (n ¼ 5) 137 (104, 169) 138 (129, 147) 128 (113, 143) 121 (113, 129)
* Values are statistically different from SH controls (P < 0.05).
Fig. 6. Mean (95% conﬁdence interval) synovitis scores. ACLt dogs (n ¼ 5) had
signiﬁcantly more severe synovitis than SH control dogs (n ¼ 5) (*P < 0.001). Synovitis
scores of GR dogs (n ¼ 6) and MR dogs (n ¼ 5) were not different from SH.
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the medial and lateral tibias (P < 0.001 to P ¼ 0.011) and Tb.Th of
the ACLt was signiﬁcantly less than SH controls in the lateral
femoral condyle (P ¼ 0.023) (Table I).
Synovial analysis
Since synovium is also known to play an important role in OA, the
degree of synovitis from each operated knee was also examined
(Fig. 4). Synovitis as determined by the degree of inﬂammatory cell
inﬁltrates and synovial hyperplasia was signiﬁcantly more severe in
ACLt knees than SH controls (P < 0.001) (Fig. 6). When present,
inﬂammatory cell inﬁltrates were predominantly composed of
lymphocyteswith someplasma cells. In addition, lymphoid aggregates
were observed in four ACLt knees, two MR knees, and one GR knee
while no lymphoid proliferation was noted in SH knees. Suppurative
inﬂammationwas not observed in any synovial specimens examined.
Correlation between subchondral bone changes and other factors
In an attempt to further elucidate the nature of subchondral bone
changes, histomorphometric parameters were correlated withFig. 5. Representative thresholding images of subchondral bone of the medial tibia
(MT), lateral tibia (LT), medial femoral condyle (MF) and lateral femoral condyle (LF).
Subchondral plate and trabecular bone in ACLt are apparently thinner than any other
groups in all four compartments examined.lameness scores, Mankin scores, and synovitis scores. Lameness
scores at 4, 8, and 12 weeks after operation showed a signiﬁcant
moderate to strong inverse correlation with all bone histo-
morphometric parameters for the medial tibia (r ¼ 0.483 to
r¼0.738, P< 0.001 to P¼ 0.026) and the lateral tibia (r¼0.436 to
r ¼ 0.690, P < 0.001 to P ¼ 0.047) (Fig. 7). In the femoral condyles,
although Sp.Th did not show signiﬁcant correlation with lameness
scores, BV/TV and Tb.Thwere signiﬁcantly correlatedwith lameness
scores at 4, 8, and 12 weeks (r ¼ 0.447 to r ¼ 0.633, P ¼ 0.002 to
P¼ 0.043) except between BV/TV in themedial femoral condyle and
lameness scores at 4 weeks after surgery (r ¼ 0.381, P ¼ 0.087).
These histomorphometric parameters showed signiﬁcant correla-
tions to Mankin scores (r ¼ 0.540 to r ¼ 0.610, P ¼ 0.003 to
P¼ 0.011) and synovitis scores (r¼0.640 to r¼ 0.755, P< 0.001 to
P ¼ 0.001) only in the lateral tibia when analyzed data within each
weight-bearing compartment. However, Sp.Th showed signiﬁcant
moderate to strong correlations with Mankin scores for all three OA
models (r ¼ 0.465 to r ¼ 0.816, P < 0.001 to P ¼ 0.033) whenwhole
joint data were analyzed within each OA animal group (Fig. 7).
Discussion
Histological measures of articular cartilage pathology, generally
considered to be the reference standard for presence and severity of
OA, showed signiﬁcant cartilage damage in all three canine OA
models compared to sham-operated controls, indicating that OA
was successfully induced within 12 weeks after arthroscopically-
delivered insults and that each model may have unique charac-
teristics in terms of mimicking OA seen in human patients. With
respect to the subchondral bone component of OA, signiﬁcant
decreases in Sp.Th, BV/TV, and Tb.Th compared to sham-operated
controls were consistently observed in the tibias of ACLt knees.
These ﬁndings are in agreement with subchondral changes in
canine ACLt models in recent studies by Sniekers et al.16 and Intema
et al.22 who demonstrated signiﬁcantly decreased Sp.Th, BV/TV, and
Tb.Th in ACLt knees compared to contra-lateral control knees or
sham controls. In their canine OA model studies, however, thinning
of Sp.Th was also seen in a groove model, and the authors
concluded that subchondral plate thinning is an intrinsic
phenomenon in the process of OA whereas trabecular thinning in
ACLt model is likely a result of decreased loading on the joint16,22.
On the contrary, Sp.Thwas not decreased in GR knees in the present
study. As the duration of the present study was similar to the
aforementioned studies (e.g., 3, 10, 12, or 20 weeks), this
Fig. 7. Correlations between lameness scores and Sp.Th (A), BV/TV (B), and trabecular thickness (Tb.Th) (C) within each weight-bearing compartment where data from all dogs
(n ¼ 21) are included. Lameness scores used in these ﬁgures are the scores at 8 weeks after surgery. Correlations between Mankin scores and Sp.Th within each OA model
(ACLt: n ¼ 5, GR: n ¼ 6, and MR: n ¼ 5) where data from all four compartments are included. A trendline is shown if a correlation is statistically signiﬁcant (P < 0.05).
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in groove models between studies. Two large grooves were created
by a 3mmdiameter ring curette only in themedial femoral condyle
in our GR model while both medial and lateral condyles were
multifocally damaged by a Kirschner-wire in their studies.
Although induction of articular cartilage damages in the non-
insulted medial tibia in our GR model is in accordance with the
original groove model studies26,27, it is possible that our GR model
is less drastic than the groove model in the aforementioned studies
with slower OA progression. It has been suggested that bone
remodeling in OA is biphasic where there is an initial decrease in
bone volume and thickness followed by an increase with OA
progression12,24. A decrease in Sp.Th was demonstrated in the
canine groove model as early as 3 weeks post-surgery16; however,
it is possible that 12 weeks study period might have been too short
to surface subchondral bone changes in our GR model where
cartilage damage was least severe among these three OA models.
In contrast to the ACLt knees, the subchondral plate was
signiﬁcantly thickened in the medial tibia of MR knees. Increased
Sp.Th after medial menisectomy has been reported in a rabbit
model18. Increased Sp.Th after medial MR has also been demon-
strated in a mouse model of OA37. MR knees had the most severe
cartilage damage in the medial tibia among the three OA models
studied, and hence, it can be speculated that there might have been
an early decrease of Sp.Th in the medial tibial of MR knees followed
by an increased subchondral plate in conjunction with the
progression of OA. Subchondral bone histomorphometric analyses
were performed at only a single time point and did not allow us to
determine temporal changes. Although our ﬁndings are in agree-
ment with the presence of a correlation between cartilage degra-
dation and alterations of Sp.Th10,14,38, our data do not provide
evidence for accepting or rejecting hypotheses regarding biphasic
bone remodeling in OA or subchondral plate thinning as a commonintrinsic phenomenon in early OA. The demonstration of a signiﬁ-
cant positive correlation between Sp.Th and Mankin scores of all
three OA models in the present study suggests the presence of
a direct relationship between subchondral plate changes and
localized articular cartilage pathology. A recent study in ADAMTS5
knockout mice by Botter et al.37 further supports this possible link
between articular cartilage damage and subchondral bone changes.
In the “joint is an organ” approach, it is important to consider
the biological aspects of cartilage and bone changes in conjunction
with the biochemical aspect. The biochemical cross-talk among
synovium, articular cartilage and subjacent subchondral plate may
play critical roles in this mechanism of disease in OA7,16,22,39.
Synovitis was most severe in ACLt knees among models and
lymphoid aggregates were most frequently noted in ACLt syno-
vium. The presence of lymphoid aggregates has been associated
with greater production of inﬂammatory cytokines by synovial
membrane40. Synovial ﬂuid immunoassay from dogs in the present
study revealed signiﬁcantly increased concentrations of IL-8 in ACLt
knees compared to SH controls41 (in review). It is known that IL-8 is
produced by osteoarthritic synovial membrane42. It has been
reported that IL-8 can induce osteoclastogenesis and bone
remodeling43. In addition, it has been proposed that IL-8 could be
a key regulator of subchondral bone sclerosis since sclerotic oste-
oblasts produce higher amounts of IL-8 than nonsclerotic osteo-
blasts44. Increased inﬂammatorymediators and proteinases such as
IL-8 and ADAMTS5 in OA joint might directly affect subchondral
bone remodeling or increased synthesis of biochemical factors in
subchondral bone may lead to degradation of overlying articular
cartilage, or both. This is just one pathway that needs to be eluci-
dated in understanding disease mechanisms in the various forms of
OA that can be studied using appropriate translational models. The
models studies herewould provide one viable method for pursuing
this goal.
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minimize profound effects of arthrotomy on the joint including
substantial synovitis, hemorrhage, joint capsular ﬁbrosis and the
associated pain and dysfunction. Lameness scores examined every
4weeks after arthroscopic surgery were signiﬁcantly higher in ACLt
than SH controls throughout the study period, indicating that ACLt
induced acute and prolonged lameness. In contrast, lameness
scores of GR or MR dogs were similar to sham-operated control
dogs, suggesting that lameness directly related to the GR and MR
insult could not be statistically distinguished from arthroscopic
surgical controls in the 12-week study period. Although lameness
scoring is a subjective method of assessment of limb function, our
previous study showed that lameness scores correlate well with
objective force plate data34. Mild lameness was frequently observed
in the sham controls during the study period, suggesting that the
sham surgery is not a true negative control, but rather serves as an
appropriate control for differentiating the effects of speciﬁc joint
insults from the effects of arthroscopy alone in surgically-induced
models of OA. Importantly for the present study, lameness scores
were consistently correlated well with BV/TV and Tb.Th in all four
weight-bearing compartments examined, suggesting that alter-
ations of BV/TV and Tb.Th in early OA are greatly inﬂuenced by
mechanical loading/unloading. Trabecular bone disuse atrophy
secondary to hypoactivity or microgravity exposure is well known
and unloading is known to induce bone resorption45. Although the
mechanism of bone response to altered loading is not fully
understood, various cellular and molecular steps for mechano-
transduction in bone have been elucidated. Lameness scores were
also signiﬁcantly correlated with Sp.Th in the tibias, but not in the
femoral condyles. Since Sp.Th showed a signiﬁcant correlationwith
Mankin scores in all three models, these data suggest the presence
of a relationship between subchondral plate changes and localized
articular cartilage pathology along with alterations in mechanical
loading and joint kinematics early during the development of OA in
various canine models.
The dog is one of the most studied species with respect to
models of OA along with rabbits and rodents, and importantly,
clinical OA occurs in dogs from similar causes and results in similar
signs and symptoms as is seen in humans. Among various canine
OA models, ACLt25 is the most frequently studied model. The ACLt
model is also one of the more commonly used models of OA in
multiple species. The ACLt insult produces immediate and gross
instability in the joint with severe alterations to joint kinematics. In
dogs, lameness associated with ACLt is typically severe and pro-
longed, although it is quite variable in degree and duration and can
be inﬂuenced by meniscal pathology, activity of the dogs, and
various forms of treatment and management. While canine ACLt
model studies have produced very useful data in a number of areas,
this model may not be ideally studied for translational studies for
humans OA. The instability created by complete transection of the
ACL is severe and if left untreated, is typically associated with
a level of biomechanical dysfunction that can overwhelm biological
aspect of assessment and treatments. In addition, OA appears to be
a group of heterogeneous conditions that result in a common
pathology and clinical symptoms, and hence, it is unlikely that one
animal model can address all aspects of the disease, especially its
early stage. The GR model creates immediate cartilage injury and
loss with resultant incongruity and changes in load-bearing artic-
ulation of the joint that can be a potential model for knee injuries
by a traumatic force encountered in certain professions, athletic
activities, or vehicular trauma. Medial MR disrupts the load trans-
mission role of the meniscus similar to total medical menisec-
tomy30,31, resulting in primarily medial compartmental disease
characterized by severe cartilage erosion and degradation due to
the changes in femoral and tibial articular cartilage contactpressures and area29. Medial femoral condylar groove creation and
medial MR may provide a valuable model for gonarthrosis often
seen in human patients with degenerative OA and chronic OA
secondary to previous meniscal and/or articular cartilage defects or
degeneration. Both the medial femoral condylar groove and MR
models used in this study can be effectively created in dogs via
arthroscopy, which may limit the confounding effects of arthrot-
omy often noted in animal model studies.
Limitations in the study design should be considered. A study
duration of 12 weeks with subchondral bone histomorphometric
analyses performed only at endpoint did not allow for assessing
longitudinal changes. Unfortunately the contra-lateral nonoperated
knees were not examined histomorphometrically in the present
study. Although the contra-lateral joint is not considered as an
optimal control in canine OA models because of compensatory
alterations in weight-bearing, examination of subchondral changes
in the contra-lateral knees could have provided additional infor-
mation. In addition, the histomorphometric analyses were
performed on histologic sections in the present study. This two-
dimensional histomorphometric analyses may be less representa-
tive of in situ subchondral changes than three-dimensional analyses
using micro-CT, although, agreement between bone histo-
morphometry and micro-CT has been reported46. Hunter et al.
reported that bone marrow lesions in knee OA had increased bone
volume but reduced mineral density9. Qualiﬁcation analysis of
subchondral bone should be taken into consideration in future
study. Additional time points with three-dimensional subchondral
bone analysis would be more informative and beneﬁcial. Synovitis
was most severe in ACLt knees among these three OA models. It
would be important to thoroughly exam inﬂammatory mediators
and proteinases in the joint that may have a great inﬂuence on
subchondral bone metabolism in future study. The correlation
analyses were conducted in an attempt to elucidate the nature of
subchondral changes in early OA. For the purposes of these anal-
yses, due to the small sample size used in this study, results from
each group were combined. Although differences between models
can be lost by combining the data among the groups in the corre-
lation analyses and this could be considered a limitation in this
study, this combination of results as undertaken allows us to
discern a potential role for subchondral changes in the disease
process associated with clinical lameness among heterogeneous
canine models of OA. A future study with similar correlation anal-
yses using individual groups with larger sample sizes would allow
further delineation of the differences between models.
The present study demonstrated that subchondral changes in
knee OA were signiﬁcantly different among three different models
when evaluated 12 weeks after arthroscopically-delivered insults.
These changes are likely attributable to alterations in joint loading
as well as localized articular cartilage damage. Differences in bone
responses to joint insults noted among OA models suggest that
these three models of OA might have different translational
potential. In adopting the “joint is an organ” approach to under-
standing OA, these ﬁndings highlight the need for further investi-
gation of subchondral bone pathology in multiple models for
elucidation of its involvement and importance in the initiation and
progression of the disease for producing clinically relevant data.Contributions
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